Nocturnal dung beetles (Scarabaeus satyrus) are currently the only animals that have been demonstrated to use the Milky Way for reliable orientation. In this study, we tested the capacity of S. satyrus to orient under a range of artificial celestial cues, and compared the properties of these cues with images of the Milky Way simulated for a beetle's visual system. We find that the mechanism that permits accurate stellar orientation under the Milky Way is based on an intensity comparison between different regions of the Milky Way. We determined the beetles' contrast sensitivity for this task in behavioural experiments in the laboratory, and found that the resulting threshold of 13% is sufficient to detect the contrast between the southern and northern arms of the Milky Way under natural conditions. This mechanism should be effective under extremely dim conditions and on nights when the Milky Way forms a near symmetrical band that crosses the zenith. These findings are discussed in the context of studies of stellar orientation in migratory birds and itinerant seals.
Introduction
For many animal species, a sense of direction is vital to survival and reproduction. While landmarks and other terrestrial cues can prove impermanent and unreliable over the course of evolutionary history, celestial cues, such as the sun, the moon, skylight and the stars, are both stable and predictable over millennia. It is perhaps no wonder that numerous species rely on celestial cues as a frame of reference for accurate orientation [1] . While solar orientation has been characterized in a range of both migratory (e.g. Lepidoptera [2, 3] , birds [4] , teleost fishes [5] ) and non-migratory (e.g. desert ants [6, 7] , bees [8, 9] , toads [10] ) species, the mechanisms by which animals orient using the stars [11] [12] [13] [14] [15] [16] [17] [18] remain less well understood. Most human cultures have developed methods to use the stars for navigation [19] , and it has been shown that migratory birds [12, 13, 15] and perhaps also seals [16] navigate using star patterns. Stellar orientation has also been implied in the cricket frog Acris gryllus [11] and the yellow underwing moth Noctua pronuba [14] , although the strategy by which this is achieved is less clear.
The nocturnal dung beetle Scarabaeus satyrus performs a robust orientation behaviour on moonless nights when only the Milky Way is visible [17, 18] and represents an ideal species for the study of stellar orientation strategies in an insect. On arriving at a fresh dung pile, these ball-rolling dung beetles sculpt a dung ball, which they then roll in a straight line away from the dung pile and competing dung beetles, until, at a sufficient distance, the ball can be buried and consumed undisturbed. Although larger 'brood balls' are constructed by breeding dung beetles (males, females or pairs), both sexes feed by constructing, rolling and consuming dung balls throughout their period of activity. In order to maintain this straight-line travel, S. satyrus uses the celestial cues available, which may include the moon [20] , the lunar polarization pattern [21] or the Milky Way [17, 18] . While it is thought that special visual adaptations are needed to interpret the lunar polarization pattern and the Milky Way when orienting [18] , it is not known what strategy these beetles employ to determine an accurate geographical heading using the Milky Way. The Milky Way may prove particularly challenging to interpret as an orientation cue. On occasions where it forms a symmetric band that passes close to the zenith, its symmetric ambiguity could lead to 1808 orientation errors if no difference between the two halves of the sky can be discerned. Nevertheless, S. satyrus is well oriented on nights when the Milky Way passes close to the zenith [17, 18] .
In this study, we investigated how S. satyrus cope with the symmetric ambiguity in stellar cues, and probed which strategies they may use to reduce ambiguity in stellar orientation. Previous investigations of stellar orientation suggest that other animal species learn to recognize star patterns as orientation cues. Migrating birds have been shown to orient relative to the starry sky's centre of rotation [13, 15] , which they recognize via the pattern of stars within that sky region [13] . The harbour seal Phoca vitulina can learn to swim towards a 'lodestar', which they are thought to identify via a learnt star pattern [16] . We tested whether S. satyrus also uses a pattern-matching strategy for stellar orientation, or if they use another strategy, such as fixating the brightest point [18] or matching a memorized intensity gradient [22] . We propose that, while a pattern-matching strategy would involve recording the relative positions of multiple bright sky regions when facing in the intended direction, a stored representation of an intensity gradient would contain only information about the direction of the arc bisecting the celestial hemisphere within which the maximum difference in intensity between the two halves of that arc was observed. This would be distinct from a strategy of fixating the brightest point, which would require only information about the position of the brightest point relative to the intended direction. The different experimental conditions were compared with estimates of the whole-sky radiance pattern obtained from calibrated photographs of the Milky Way recorded at the field site in South Africa, to estimate how the strategies identified here might predict performance under natural conditions.
Material and methods (a) Sky imaging
To characterize the celestial light available for accurate orientation on a clear moonless night, we determined the radiance distribution in the night sky from calibrated digital photographs. Photographs were taken at the game farm 'Stonehenge' (26823 0 55.82 00 S, 24819 0 37.38 00 E), in South Africa, using a digital camera (D810: Nikon Corp., Shinjuku, Japan) fitted with a fisheye lens (Sigma 8 mm F3.5 EX DG: Sigma Corp., Kawasaki, Japan), which, when pointed straight upwards, imaged the whole celestial hemisphere. The camera was calibrated in order to correct for different exposure times, ISO speed settings and apertures, as well as for the effect of vignetting (i.e. lower exposure at the image edges) to provide absolute radiance measurements for each pixel [23] . In order to reduce the influence of bright lights at the horizon (e.g. airglow, albedo, light pollution from distant settlements) on our analysis, and because these areas are often blocked from the beetles' view by vegetation under natural conditions, we blacked out any parts of the image below 208 of elevation. Details of the accuracy of measurements of spectral photon radiance via this method are reported in the electronic supplementary material, 'Accuracy of the imaging method'.
Calibrated and cropped images were filtered in custom-made software, written in Matlab 2015b (MathWorks, Natick, USA), to approximate blurring by compound eye optics. As the acceptance functions of photoreceptors in the dorsal eye of dung beetles are not known, the median interommatidial angle of 28 (estimated from anatomical data in S. satyrus) was used as an estimate of maximum potential acuity. Information theory predicts that with interommatidial angles of 28, ideal sampling would be achieved with an acceptance angle of 48 [24] , but many insects are known to have much wider acceptance functions in their dorsal eye, and especially at later stages of neural processing (e.g. [25] ). We, therefore, applied a number of Gaussian filters ranging in half-width (full width at half maximum; FWHM) from 28 to 168. Filter kernels were accurately calculated to take into account the distortion of the photographs by the camera lens. The resulting images are shown in figure 1a .
To define the position of the band of the Milky Way, we fitted a quadratic function through the east-west intensity maxima (as the Milky Way was almost north-south in all of our images) of the most highly filtered image, and applied this positional function to all images (electronic supplementary material, figure S1 ). The contrast between the southern and the northern arms of the Milky Way was calculated as Michelson contrast, i.e. C S=N ¼ ðI S À I N Þ=ðI S þ I N Þ, where I S and I N are the radiance of points in the southern and northern arm, respectively. Contrasts between the Milky Way and the background were similarly calculated as, for example, C S=BG ¼ ðI S À I BG Þ=ðI S þ I BG Þ, where I BG is the mean radiance of the background. For the determination of background intensity, we calculated the mean of all parts of the image that were (i) more than 308 above the horizon and (ii) more than 150 pixels (corresponding to approx. 308) away from the fitted band of the Milky Way. These exclusions removed most bright areas at the horizon and around the Milky Way, resulting in a slightly conservative estimate of the Milky Way's contrast against the background (electronic supplementary material, figures S2-S3).
(b) Beetle handling
To determine orientation precision under different celestial cues, individual beetles were placed with their front legs touching a dung ball in the centre of a flat, 1 m diameter circular arena, marked at 58 increments from 08 to 3558 along its perimeter. Each beetle was permitted to climb onto its ball, perform an 'orientation dance' and then roll its ball towards the edge of the arena. On reaching the edge, the stimulus was changed and the beetle was placed back at the centre of the arena and allowed to roll to the edge again, thus completing a second trial. For each trial, the exit heading was recorded and the difference between these headings was calculated to give the 'change in heading' angle. The change in stimulus orientation between the two trials (e.g. 908 clockwise or anticlockwise) was then subtracted from this change in heading to give a measure of 'orientation error' relative to the stimulus' position. The number of beetles tested in each condition ranged between 20 and 40. Since all beetles exhibited normal foraging behaviour during trials, the sexes of individual beetles were not identified. All trials were recorded using an IR-sensitive camcorder (HDR-CX730: Sony, Tokyo, Japan) and beetles were marked with a strip of high-gain reflective tape (Scotchlite TM 7610: 3M Company, Maplewood, USA) to maximize visibility in the recorded videos. Experiments were carried out at Lund University, Sweden, at the game farm 'Stonehenge', northwest of Vryburg, North-West Province, South Africa and at the Nicama Lodge (24849'40.85 00 S, 27859'32.60 00 E), Bela-Bela, Limpopo, South Africa.
(c) Symmetric cues
To determine if a symmetric pattern of skylight, such as that presented by the main band of the Milky Way across the zenith, is rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160079 sufficient for accurate orientation, the ability of nocturnal dung beetles to orient to two lights 1808 apart in azimuth was tested. Under the 'equal intensity' condition (figure 2), two green (l max ¼ 525 nm) LED arrays (LZ1-10G100: LedEngin Inc., San Jose, USA), acting as light spots, were displayed simultaneously, either at the north and south or east and west positions at an elevation of 458. These light spots were displayed at a distance of 2 m from the centre of a 1 m diameter arena. To simulate nocturnal conditions, these LEDs were dimmed using four layers of 1.2ND filter (Lee Filters 299: Andover, UK) and one layer of 1/8 white diffusion filter (Lee Filters 252) to a photon flux of 1.25 Â 10 7 photons cm 22 s 21 (see electronic supplementary material, Intensity Measurements). For this experiment, the stimulus was not moved between trials, and orientation error was therefore calculated from the difference in headings between two trials with identical stimuli. These data were compared with orientation errors recorded with no light spots illuminated (no lights) and with an 'intensity difference' condition, in which one of these light spots was dimmed using a further layer of 1.2ND filter and both light spots were closer (650 mm as opposed to 2 m) to the arena centre, resulting in intensities of 1 rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160079
13.00 and 18.00 for beetles that had habituated to a 12.00-00.00 dark period, while trials in South Africa were carried out between 20.00 and 00.00 during the typical activity period for S. satyrus [18] .
(d) Significance of star patterns
In order to determine whether an overhead intensity pattern would allow for accurate orientation of the kind observed under the Milky Way [17, 18] , patterns containing directional information were displayed using a set of 16 'cool white' LEDs (DDW-UJ2-TU1-1: Roithner LaserTechnik GmbH, Vienna, Austria), arranged in two perpendicular rows of 8, arching over the test arena (figure 3a). One band went from the north-east of the arena to the south-west, and the other from the north-west to the southeast. The light from each LED was projected down a 100 mm tube with a 25 mm aperture, onto one layer of 1.2ND filter (Lee Filters 299) followed by four layers of 1/16 white diffusion filter (Lee Filters 452) to produce a light spot (figure 3b). This arrangement was intended to limit fluctuations in brightness with viewing angle when observed from the arena's surface. The light spots were arranged in each band such that they were 1600 mm from the arena centre and positioned at elevations of 308, 458, 608 and 758 on each side (half) of the band. The absolute irradiance of a single light spot in this arrangement was estimated (see electronic supplementary material, 'Intensity Measurements') to be 8.23 Â 10 7 photons cm 22 s 21 when observed from the arena centre. Pattern stimuli were designed such that the two sides of the band contained the same number of illuminated light spots, but in different configurations with unambiguous directional information. In the 'high elevation' condition, the light spots illuminated in the north-south direction along the band were at 308, 458, 758, 758, 608 and 308 elevations (figure 3c), such that the directional cue lay in whether there was a light spot at 458 or 608 on a given side. In the 'low elevation' condition (figure 3d), only the light spots at 458, 758, 758 and 308 elevations were illuminated, and hence the directional cue available was the presence of a light spot at 308 or 458. A further 'one side lit' condition (figure 3e), in which only the light spots at 308, 458, 608 and 758 on the northern side of the band were lit, was used to determine the maximum level of directedness achievable under this type of stimulus. This 'one side lit' stimulus (with four light spots illuminated) produced similar ambient lighting conditions to the 'low elevation' pattern. During these experiments, each beetle viewed the pattern first in one orientation, either NE-SW or NW-SE, and then at 908 to this in the following trial. Change in heading angle between the two trials, relative to this 908 change in stimulus position, was recorded as a measure of 'orientation error'. A 'no lights' condition in which all light spots were turned off (figure 3f) was also tested to control for the presence of alternative directional cues. Experiments were carried out at Nicama Lodge in South Africa, between 20.00 and 00.00, on 15-18 February 2016. (e) Significance of contrast In order to determine the level of contrast required by S. satyrus for accurate orientation under an otherwise symmetric band of light, such as the Milky Way, we performed a series of experiments testing orientation under a symmetric band of light spots containing a brightness difference (figure 3g); the light spots at 308, 458, 608 and 758 on the northern side of the band were brighter than their counterparts on the opposite side. As before, the band was displayed in the first trial in either a NE-SW or NW-SE orientation, and turned by 908 for the second trial (figure 3a). A condition in which there was no difference between the two sides ('0% contrast'; figure 3h) was also tested to determine a typical response to a 'symmetric' band stimulus and to control for the presence of any other directional cues. The absolute irradiance of a single light spot in this arrangement was varied across the range 5.55 Â 10 7 2 8.29 Â 10 8 photons cm 22 s
21
, when observed from the arena centre, through changes in current for contrasts between 0% and 20.6% and via removal of the 1.2ND filter from light spots on the band's northern side for the 87.5% contrast condition. Experiments were carried out at Nicama Lodge in South Africa, between 20.00 and 00.00, on 15-18 February 2016, with the exception of the 9.5% contrast condition, which was tested at Lund University between 13.00 and 18.00 (see §2c), on 26-27 March 2016.
(f ) Statistics
The V test [26] was used to determine whether the pattern of orientation error was centred on zero. All directional statistical tests were carried out using the package 'circular' [27] in R v. 3.3.0 [28] . Levels of orientation were compared using absolute orientation error [22, 29] . Since this is a bounded measure (in the range 0 -1808) that does not necessarily follow a normal distribution, a Mann -Whitney rank-sum test was used to determine if median absolute orientation error at each contrast level was significantly lower than in the absence of directional cues (the 'no illumination' condition), or than 908: the average for either a uniform distribution (in the case of disoriented behaviour) or a bimodal distribution (in the case of a trend in both 08 and 1808 errors driven by stimulus ambiguity) of absolute orientation errors. The Mann -Whitney test was thus used to test for 'extent of disorientation' and to identify conditions that reduced 'disorientation' for a significant proportion of individuals.
To determine the lower contrast threshold for orientation under the 'contrasting band' stimulus, a contrast-sensitivity curve was fitted to the absolute orientation error data across all contrast levels, including the 'no difference' condition as 0% contrast and the 'one side lit' condition as 100% contrast (assuming a radiance of approximately zero from the unlit region of the stimulus band). This curve was fitted with a presumed upper asymptote at 908, the average absolute orientation error of a uniform or bimodal distribution. The lower asymptote was determined via an optimization routine using the 'glm.WH' function in the package 'psyphy' [30] in R 3.3.0 [28] . The threshold was calculated from the inflection point of the fitted curve, the point halfway between the lower and upper asymptotes.
Results and discussion (a) Sky imaging
In order to determine what orientation cues might be present in the starry sky as viewed by dung beetles, calibrated photographs The arrangement used to create symmetric cues. The 'equal intensity' symmetric stimulus consisted of two light spots 1808 apart. In the 'intensity difference' symmetric stimulus one of the two light spots was dimmed by one order of magnitude. In the 'no lights' condition no light spots were illuminated, but all other aspects of the arrangement were identical to the other conditions. (Online version in colour.)
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were used to map the radiance distribution in the night sky. These calibrated images of spectral radiance in the moonless sky show a distinctive Milky Way main band that bisects the sky, crossing the zenith (figure 1a). Depending on the halfwidth of the filter applied to these images, different features of the Milky Way were available, the 'bright spot' being clearly discernible for images filtered with half-widths of 28 and 48, but less so for images filtered with half-widths of 88 and 168 (figure 1a). Images recorded in November 2015 and February 2016 showed a similar intensity profile across the main band of the Milky Way (figure 1b), one difference being the position of the bright spot in the south, which fell at approximately 308 in the November image and 458 in the February image.
In order to investigate asymmetries that might be used as orientation cues, Michelson contrast was calculated between points in the (brighter) southern and (dimmer) northern regions of the Milky Way band at the same elevation. These opposing points could be compared by an orienting beetle while rolling its dung ball or during the orientation dance [31] . Excluding elevations near to the horizon and the 208 cut-off point, maximum south-north contrasts between points at the same elevation on the Milky Way's main band fell at the bright spot (figure 1c; with the exception of the 168 filtered image from February), with maximum contrasts here ranging between 12.6% and 41.1% depending on the extent of image filtering. These images indicate that the Milky Way's main band forms a distinctive feature of the moonless night sky that, while near symmetric in configuration when crossing the zenith (electronic supplementary material, figure  S3 ), presents an asymmetric intensity profile that could be used as an orientation cue across a range of likely visual acuity levels.
(b) Symmetric cues
On moonless starlit nights in South Africa the Milky Way's main band regularly crosses the zenith (figure 1a), resulting in a near symmetrical pattern of celestial intensity that nocturnal dung beetles need to interpret to achieve oriented behaviour. The results of previous studies [17, 18] show that, even under these particularly challenging conditions, S. satyrus is capable of maintaining its heading with low orientation error. One way that they could achieve this is by taking a snapshot of the light pattern across the whole sky as they are facing their chosen direction, and then matching this pattern after any interruption to their rolling path. For example, it has been demonstrated that the diurnal ball-rolling dung beetle Scarabaeus lamarcki stores a snapshot of the positions of celestial cues during its orientation dance, and accesses this information, following an interruption of rolling behaviour, when permitted to continue rolling [31] . If used, this strategy would result in a bimodal distribution of orientation errors (clustered around 08 and 1808) when the beetles are presented with a fully symmetrical light pattern. This type of error distribution has been observed in the southern cricket frog A. gryllus attempting to orient under the Milky Way [11] and dung beetles presented with a polarizing filter [21, 22, 32] . In this study, beetles in the 'equal intensity' condition were not significantly unimodally oriented (V statistic figure 4a ). However, in contrast with the predictions of a stellar pattern-matching strategy, orientation error also did not follow a bimodal distribution (V statistic ¼ 20.042, p ¼ 0.614, m + s.d ¼ 127.9 and 307.9 + 53.88, n ¼ 24). In addition, absolute orientation error (figure 4b) was not significantly lower than that in the 'no lights' condition (Mann-Whitney rank-sum test, W ¼ 461.5, p ¼ 0.675, n equal intensity ¼ 24, n no lights ¼ 36, median absolute orientation error: ŷ equal intensity ¼ 77.5), indicating that the presence of these two equally bright lights did not improve heading fidelity. This finding supports that of el Jundi and colleagues [33] in diurnal dung beetles (under much brighter conditions). Nevertheless, in the 'intensity difference' condition in the present study, the beetles were well oriented (V statistic ¼ 0.610, When there was an intensity difference between the two light spots, absolute orientation error was significantly lower than when no light spots were displayed, but not when the two light spots were equal in intensity.
rstb figure 4a,b) . These results indicate that, at starlight illumination levels, S. satyrus were not capable of using a symmetric stimulus with two points of maximum brightness for accurate orientation, and suggest that S. satyrus' stellar orientation strategy requires some intensity difference within a symmetric configuration to function. None of the pattern-based strategies proposed to date for stellar orientation (e.g. [13, 16] ) would predict a uniform distribution of errors for an animal observing two points of maximum brightness offset by 1808. Given stable conditions, the recording and matching of salient stimulus features should produce a bimodal distribution of errors. A beetle attempting to match a memorized stellar pattern, centred on a lodestar [16] or the sky's centre of rotation [13, 15] , would orient well when the observed configuration was, by chance, fixated in its original position and produce 1808 errors when the reversed configuration appeared to match the recorded pattern through its symmetric ambiguity. It has previously been suggested that dung beetles may attempt to fixate the brightest point in the celestial hemisphere [18] . This strategy, while less computationally intensive than matching a pattern, would still lead the beetle to fixate either light spot with an equal probability, again resulting in bimodal errors. However, the diurnal species S. lamarcki can also orient using an intensity gradient [22] , when observed in combination with solar position or polarized skylight cues. Under the 'equal intensity' condition, given that the intensity difference across the axis joining the two light spots was not greater than that in any other axis bisecting the celestial hemisphere, the direction of a matched intensity gradient would not have been a reliable orientation cue. An intensity-gradient matching strategy could, therefore, produce the uniform distribution of errors observed here.
There are a number of factors, however, that may have also contributed to the uniform, rather than bimodal, distribution of errors observed in the presence of the two equally bright light spots. As the light spots were at a fixed distance from the centre of the arena, as opposed to celestial cues, which are situated at an indiscernibly large distance, the relative position, size and intensity of these cues as observed by the beetle change as the beetle moves across the arena. Even so, both the low orientation error in the 'intensity difference' condition (figure 4) and recent work on diurnal dung beetles [31, 33] show that, when there is an intensity difference or a spectral difference between two lights 1808 apart in azimuth, ball-rolling beetles are well oriented in spite of such travelinduced changes in configuration. Travel-induced changes in the apparent size and brightness of each light spot, on the other hand, may pose greater challenges. These changes could occur numerous times during a single trial, producing an effectively uniform distribution of errors. Again, these challenges are also faced by dung beetles orienting under an artificial gradient in intensity or spectrum, and therefore, whatever the cause of this disorientation is, it must be related to the stimulus' symmetric configuration specifically.
In contrast with these results, dung beetles [21, 22, 32] and other polarization-sensitive animal species (e.g. [34, 35] ) presented with a single angle of polarization as an orientation cue do produce a bimodal distribution of orientation errors. This presumably results from the fact that a retinal match to the polarization pattern observed in the first trial can be obtained by facing in either direction, since photoreceptor responses follow a 1808 periodicity as a function of polarization angle [36] . It may be the case that the dung beetle's compass system allows for symmetric ambiguity in the recognition of polarization cues, but not for patterns, brightest points or broad-field gradients in intensity.
(c) Significance of star patterns
Although the results of the 'equal intensity' condition indicated that a generic pattern-recognition strategy is not used by S. satyrus for stellar orientation, this experiment did not exclude the possibility that a Milky Way-like pattern, organized in a band, can be memorized and used for stellar orientation. We propose that such a strategy would involve recording a snapshot of the relative positions of multiple bright sky regions (i.e. bright regions within the band) and using this as a frame of reference for the intended heading. The visual acuity of nocturnal dung beetles [37, 38] is probably not sufficient to resolve the spaces between bright stars in the Milky Way band, so the type of patterns that would be available to a dung beetle observing the Milky Way are likely to consist of only broad-scale features. These could be, for example the dark clouds formed by the 'great rift' adjacent to the constellation Cygnus and the 'coalsack' within the constellation Crux, the 'large Magellanic cloud' within the constellation Mensa, and the bright spot between the NCG 3532 open cluster, the constellation Crux and the Southern Pleiades (figure 1a). The last of these was identified by Smolka et al. [18] as a potential fixation point. The 'high elevation' and 'low elevation' patterns (figure 3c,d) used in this study were designed to provide configurational directional information, while minimising the intensity difference between the two 'sides' of the band, which could otherwise be used by the beetles to identify an intensity gradient. When attempting to orient under either of these patterns, orientation error was, however, not significantly clustered around 08 (table 1a) . By contrast, the 'one side lit' stimulus (figure 3e) produced significantly oriented behaviour (figure 5a; table 1a). For this high-contrast stimulus, absolute orientation error was also significantly lower than either the 'no lights' condition (figure 5b; table 2a) or the 908 theoretical disoriented average (table 2b), indicating significantly enhanced orientation accuracy, but this was not the case for either the 'high elevation' or 'low elevation' pattern stimuli (figure 5b; table 2).
Since these two patterns were designed to provide only configurational directional information, it is likely that it is again the lack of a sufficient intensity gradient that prevented the beetles from being able to orient. Given that the beetles were well oriented under the 'one side lit' condition, it seems unlikely that it was either the absolute intensity of the stimuli, or the shape of the band stimulus itself, that prevented the beetles from orienting. Poor motivation as a result of either factor might also be ruled out, as beetles were capable of rolling their dung balls to the edge of the arena in the absence of any light stimuli (the 'no lights' condition) within the same arrangement.
One limitation of these tests is the travel-induced change in light spot position, relative to the beetle, discussed above (see §3b). The largest change in position would occur for the LEDs at 758 elevation, which could change elevation by up to 78 for a beetle travelling from the arena centre to its edge. Since minimum elevation differences between two adjacent LEDs were 158 for the 'high elevation' pattern and 308 for the 'low elevation' pattern, it might be predicted that these rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160079 movements would not distort the pattern's configuration beyond recognition for the purposes of orientation. Changes in the distances between the light spots and the beetle's eye, however, the greatest of which would have ranged between +32 and 220 mm, may well have had disorienting effects of the type suggested for the two equal intensity light spots (see §3b). While we cannot rule out some role for pattern recognition in stellar orientation under more stable natural conditions, these results do suggest that the matching of a remembered configuration is not as robust for this species, at starlight illumination levels, as fixating an intensity difference between two halves of the sky.
(d) Significance of contrast
Taken together, the results of the Symmetric cues ( §3b) and Significance of star patterns ( §3c) experiments indicated that S. satyrus requires some level of intensity difference across the sky in order to achieve robust orientation under starlight irradiances. This may suggest that intensity 'gradient' information is integrated into the compass cues used by S. satyrus, as is the case for related diurnal species S. lamarcki, which can use an intensity gradient in combination with solar position and polarized skylight cues [22] . Since no equivalent cues were available for these experiments or on the moonless nights used in previous studies [17, 18] , it is likely that a starlight intensity gradient can be used in isolation by S. satyrus.
In the context of a starlit sky, an intensity gradient might be identified as the direction followed by the arc (bisecting the sky) along which the maximum intensity difference between the two halves of the sky is observed by the beetle, with all other information about the pattern of brightness across the sky being discarded in the stored representation. In order to Table 1 . The results of V tests performed on the relative orientation change between two trials for each condition, that is the difference in heading between two trials, in which the same stimulus was displayed rotated by 908 relative to its position in the first trial, minus this 908 rotation (so that this quantity represents the difference in heading relative to the stimulus' position). (a) Shows V tests of the clustering of these orientation errors around 08, the minimum achievable error. determine whether this strategy would be effective under natural levels of intensity difference, the level of contrast between the two halves of a symmetric band was varied across the 0-100% range so that the threshold for accurate orientation could be compared with that recorded via photographic measurements of the Milky Way main band at zenith (figure 1). Orientation error relative to stimulus position was significantly clustered at 08 for Michelson contrast levels between the two sides of the band of 100% (see §3c above), 87.5% and 20.6% ( figure 6a; table 1a ). This was not the case for trials conducted under 9.5%, 3.5%, 2.8%, 2.2% and 1.6% contrast (table 1a) . This increase in orientation ability as a function of contrast between the two sides was also clear when comparing absolute orientation error (figure 6b). Absolute error was significantly lower for 100-20.6% contrast than in the 'no lights' condition (table 2a) . For 3.5% contrast, median orientation error was significantly lower than 908, perhaps suggesting that at least some of the individuals tested were able to use this intensity difference to orient. Nonetheless, for trials at 9.5% contrast and between 2.8 and 0% contrast median absolute orientation errors were not significantly lower than 908 (table 2b) . For the 0% contrast condition, in which both sides of the band were of equal intensity, again orientation error was not significantly clustered at 08 (table 1a) , but followed a bimodal distribution around the 0-1808 axis (table 1b) ; the same was also true for 2.8% and 3.5% contrast (table 1). The fitted contrast-sensitivity curve (figure 6c) indicated a threshold for orientation using a contrasting symmetric band at 13.0% contrast. At this point, a beetle's capacity to minimize orientation error would be half of its level at 100% contrast. This contrast level is lower than that identified between the northern and southern halves of the Milky Way band at all levels of filtering (figure 1c), with the exception of the 168 filter half-width image, for which maximum contrast was approximately equal to 13%.
The relationship between orientation performance and contrast between two halves of a celestial band presented here suggests that, for a beetle observing the Milky Way's main band as it passes near to the zenith, above-threshold contrasts in broad-field celestial cues should be sufficient to maintain a heading with some degree of accuracy. Since the Milky Way is made up of numerous different star clusters of different brightnesses (figure 1b), the Milky Way's intensity gradient is less predictable than the solar intensity gradient, which is always at its brightest closest to the sun's position. Although not necessarily divided by regular steps in intensity, any given view of the Milky Way band, crossing the zenith or otherwise, will have a brighter and darker half.
As an alternative to using an intensity 'gradient', it might also be the case that S. satyrus attempts to fixate the brightest point in the sky, and that the estimated position for this brightest point falls reliably somewhere within the brightest side of a two-level contrasting band. Under an equal-intensity band, with the addition of visual noise, the brightest point detected at any one time could fall anywhere within the band. Hence, estimates of brightest point direction would follow a bimodal distribution. As for the 'equal intensity' condition, the direction of an intensity gradient fitted to this light band would be less stable. The tendency towards bimodal orientation for the 0% contrast condition and some, but not all, of the below-threshold contrast conditions might support a 'brightest point'-over an 'intensity gradient'-based strategy. It may be the case that the two light spots presented in the 'equal intensity' condition were insufficiently broad-field, or indeed insufficiently bright on their own, to be incorporated into this strategy, causing the beetles to become disoriented. Future work may demonstrate that some form of switch or reliability assessment alters the stellar orientation strategy, with the addition of more spatial detail or greater light levels, as in the results presented here. Nevertheless, a 'brightest point' strategy fits poorly with both those low contrast conditions in which there was no significant trend towards bimodal orientation (figure 6), and the results of the §3b and Significance of star patterns experiments. For the purposes of this study, it may not be necessary to distinguish between the 'brightest point' and 'intensity gradient' strategies definitively with regards to Milky Way orientation. Both mechanisms represent a more generalized approach to stellar orientation that is distinct from the pattern-recognition strategies proposed previously in seals [16] and migratory birds [12, 13, 15] . We propose that these beetles record the azimuth of either the brightest point or strongest intensity gradient observed during the orientation dance, and attempt to match the stored representation to the observed sky as closely as possible. Table 2 . The results of Mann-Whitney rank-sum tests performed on the absolute orientation error between two trials for each condition, that is the difference in heading between two trials, minus the change in stimulus position, for which values greater than 1808 have been converted to their smallest angle from 08. (a) Shows tests for a true median absolute orientation error lower than that in the 'no lights' condition, where orientation error is assumed to be at maximum since no directional cues were available. Although it is possible that the celestial compass system of S. satyrus could include a matched filter for either the Milky Way bright spot or the intensity gradient across the Milky Way main band, this might prove unreliable given the potential for variation in the position and visible features of the Milky Way at different times of night and throughout the year. It may, therefore, be more plausible that a generalized system is used to identify the brightest point or direction of an intensity gradient within a particular view of the Milky Way, and that this information is recorded and compared with the current view of the sky while rolling.
(e) Stellar orientation strategies
Of the animals thought to use the stars as an indicator of geographic heading, all those identified to date have been proposed to use some form of pattern matching, either to find a reliably positioned 'lodestar' or to fixate the sky's centre of rotation. Given the results of the pattern orientation experiments in this study, it seems unlikely that S. satyrus can use either of these proposed strategies for Milky Way orientation. The types of orientation behaviour performed by migrating birds and itinerant seals do, however, occur over different time-scales from the necessarily-brief ball-rolling behaviour of S. satyrus. The pattern of stars that makes up the Milky Way rotates by only a very small angle over the few minutes that it takes a dung beetle to roll its ball away from the dung pile and begin to bury it. For travel over longer distances, birds and seals, and perhaps also some species of insect that are nocturnal migrants or central place foragers, require strategies that are more robust to gradual celestial rotation. The band stimulus used in this study ( figure 3 ) is no doubt an imperfect replication of the Milky Way main band as viewed by S. satyrus. It may well be the case, as has recently been shown for lunar orientation [21] and for diurnal species [21, 31] , that nocturnal dung beetles are able to combine multiple sources of directional information to achieve a high degree of accuracy under starlight conditions. The minimum absolute orientation error for the contrast-sensitivity curve fitted in this study lies at 59.38 (figure 6c), which is considerably greater than typical orientation errors under the Milky Way itself ( figure 6a,b) . Nonetheless, it may be suggested that contrast between the two halves of a Milky Way band represents a primary orientation cue. Once this intensity gradient has been identified, other forms of directional information could then be added, when available, to improve heading fidelity. This strategy appears well matched to the ocular morphology of S. satyrus and other nocturnal dung beetle species, which are thought to sacrifice spatial acuity to increase absolute sensitivity [37, 38] . This trade-off may originate from an evolutionary process in which patterning and other fine-scale details in the retinal image of the celestial hemisphere were sacrificed in favour of broad-field cues, which were sufficiently stable for the purposes of ball-rolling dung beetles. Smolka et al. [18] noted that orienting S. satyrus only outperform S. lamarcki, a diurnal ball-rolling dung beetle species, under shaded full moon and starlight-only conditions. This could be because the dim-light adaptations in the eyes and brain of S. satyrus are mainly effective in the detection of the lunar polarization pattern and the Milky Way, both of which are broad-field cues. The results presented here also suggest that S. satyrus is well adapted for using broad-field cues, and that these adaptations bestow them with sufficient absolute sensitivity and contrast sensitivity under dim-light conditions to achieve accurate orientation using an otherwise symmetrically ambiguous Milky Way band.
Conclusion
While other animal species that use the stars as an orientation cue are thought to rely on memorized star patterns, nocturnal dung beetle S. satyrus could use broad-field intensity differences across the sky as their primary stellar orientation cue. This strategy is likely to be both robust to small changes in atmospheric conditions and flexible across different star patterns visible at different times of year. It may also be well suited to S. satyrus' visual system, which probably sacrifices some visual acuity for the absolute sensitivity necessary for reliable detection of broad-field starlight cues.
In order to define the stellar orientation strategy of S. satyrus more completely, future studies should attempt to manipulate the perceived direction of the intensity gradient, and the position of the brightest point, in the Milky Way main band by obscuring specific regions and adding artificial light stimuli. In combination with versions of the experiments performed as part of this study, these techniques may be developed to form an assay for different stellar orientation strategies. (Overleaf.) A comparison of directedness under different levels of Michelson contrast between the two halves of an otherwise symmetric band. Significant unimodal orientation (mean orientation error ¼ 08) was lost at between 20.6% and 9.5% contrast, but, with the exception of the 3.5% and 2.8% contrast conditions, this error did not become significantly bimodally oriented until contrast was less than 1.6%. Median absolute orientation error increased as a function of decreasing contrast, reaching a peak at around 908 for contrasts of less than 3.5% and for the 'no lights' condition. These results indicate that sufficient contrast is vital for oriented behaviour under a zenithal band of light. Orientation errors recorded by Smolka et al. [18] (table 2a) . (c) The relationship between contrast between the two halves of an otherwise symmetric band and absolute orientation error. Points show absolute orientation error plotted against contrast, on a log 10 (contrast þ 1%) scale. Point size is scaled to show the number of observations at each error angle for each level. The red line shows a generalized linear model fitted to the relationship between absolute orientation error and level of Michelson contrast using maximum-likelihood estimation, via a probit link that has been modified to accept a fixed estimate of upper asymptote [30] , at 908, and an estimate of lower asymptote obtained via an optimisation algorithm (minimum % 59.28). The inflection point for this curve, the point halfway between the upper and lower asymptote at which the curve's change in slope reaches zero, was selected as an estimate of the threshold level of contrast for orientation under a symmetric band.
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